We prepared a series of graphene-like materials by thermal exfoliation/reduction of a graphite oxide (GO) at temperatures between 127ºC and 2400ºC. The extent of the exfoliation and reduction of the GO at different temperatures, as well as the impact on the resultant graphene-like materials (TRGs), were studied through their chemical/structural characterization. The main oxygen loss was observed at 127ºC during the blasting of the GO, which produced its exfoliation into monolayer functionalized TRG with hydroxyl groups and minor amounts of epoxy and carboxyl groups. Above 600ºC, the reduction continued smoothly, with oxygen and hydrogen loss and the conversion of hybridized carbon atoms from sp 3 into sp 2 . 1000ºC appears to be a critical temperature for the efficiency of the reduction process, as the resulting TRG contained less than 2% oxygen and 81.5% sp 2 -carbon atoms. The materials obtained at 2000ºC and 2400ºC were almost oxygen-free and the layers exhibited a dramatic restoration of the pristine graphite structure, as confirmed by the increase in the average size of the sp 2 -domains. 
disordered stacking of TRGs increases with temperature, although they can be dispersed yielding monolayers at 127 and 300°C and stacks of up to 4-6 layers above 1000°C, as determined by AFM.
Introduction
Graphene and graphene-based materials have attracted a great deal of interest due to their fascinating properties and potential applications [1] . The exfoliation of GO to yield graphene oxide [2] followed by a reduction process offers a simple method to obtain graphene [3] . This method has the advantage of being readily scalable and also has the ability to produce graphene materials with a tuneable amount of oxygen, depending on the characteristics of the parent graphite [4] and the experimental conditions of both oxidation and reduction [2, 5] . Several processes have been considered for the reduction of graphene oxide. These include: i) chemical reduction with different reagents, hydrazine being the most common [5] ; ii) thermal reduction which can be microwave assisted or performed in different atmospheres (argon, vacuum, hydrogen, hydrogen/argon) [6] ; iii) electrochemical reduction [7] and iv) a combination of different methods, such as chemical reduction/thermal annealing or thermal reduction/hydrogenation [6] . It is important to note that in the case of the thermal reduction the process includes the liberation of the bound oxygen in the form of CO and CO 2 , as oxidation products of carbon, and the reduction of the remaining carbon. In this regard, thermal exfoliation/reduction of GO is an interesting alternative to chemical reduction for the preparation of graphene materials [3] because of: i) its simplicity, since the exfoliation of the GO to graphene oxide and its thermal reduction to graphene occurs all in one step; ii) its sustainability, since it avoids the use of environmentally unfriendly chemicals; and iii) its scalability. Moreover, the graphene-like materials obtained by this procedure are electrically conducting, thus overcoming the poor electrical and thermal properties of the parent GO [8] and making possible their use in electrical transport applications [9] . The efficiency with which graphene single sheets can be prepared by the thermal expansion of GO and the quality of the graphene sheets is dependent on the degree of oxidation of the graphite and the conditions of the thermal treatment. One of the requirements is to build up enough pressure during heat treatment stages [10] . Exfoliation takes place when the decomposition rate of the oxygen functional groups of GO exceeds the diffusion rate of the evolved gases, thus yielding pressures that exceed the Van der Waals forces that hold the graphene sheets together. Consequently, it is essential for the success of the process to completely eliminate the intergraphene spacing associated with the native graphite during the oxidation stage and to minimize the detrimental effects of water vapour. Rapid heating of GO obtained from flake graphite to a temperature of 1050 ºC has been used [9, 10] to prepare bulk quantities of single functionalized graphene sheets after dispersion by ultrasonication. The study of the thermal expansion mechanism involved suggested that the critical temperature of 550 ºC must be exceeded for exfoliation to occur [10] . The graphene materials obtained by this method have a wrinkled structure, with a C/O ratio of 10:1, and are electrically conducting. In the as-prepared TRG powder the sheets were highly agglomerated and randomly stacked. No reference was made in these studies to the characteristics of the residual oxygen functional groups. Gao et al. [3] used the density functional theory to study the reaction mechanisms involved in the reduction of graphene oxide with hydrazine and thermal treatment. They described the mechanisms of dehydroxilation, decarbonylation and decarboxylation when using heat treatment and concluded that the oxygen functionalities attached to the interior of an aromatic domain on the basal plane are removed more easily, both kinetically and thermodynamically, than those attached to the edges of an aromatic domain. Bagri et al.
[11] made use of molecular dynamics simulations supported by FTIR and XPS to study the chemical changes of the oxygen functional groups upon the annealing of the graphene oxide and concluded that the formation of highly stable carbonyl and ether groups (through the transformation of the initial hydroxyl and epoxy groups) hinders the complete reduction of graphene oxide to partially reduced graphene. Nonetheless, further experimental evidence is needed to support their studies. Moreover, to our knowledge, there is no detailed, systematic study on how the experimental conditions of the thermal treatment (heating rate, the use of vacuum or pressure, final temperature) may affect the efficiency of the process and the structure of the final graphene-like material.
The main objective of this work is to study the effect of temperature on the extent of the exfoliation and reduction of GO, as well as its impact on the resultant graphene-like materials. A commercial synthetic graphite powder was oxidized by a modified Hummers' method [4, 12] and thermally treated at temperatures ranging from 127 ºC to 2400 ºC in order to: i) determine the optimum temperature for the preparation of graphene-like materials (TRGs) with a minimum oxygen content and a minimum amount of structural defects; ii) obtain graphene-like materials with different degree of functionalization; and iii) study the effect of the temperature on the degree of association of the sheets. Elemental analysis, TPD (temperature programmed desorption), XRD, Raman spectroscopy, XPS, FTIR, SEM, TEM, high resolution TEM and AFM were used to monitor the chemical and structural changes occurring in the TRG produced at each temperature.
Experimental

Preparation of graphite oxide (GO).
Commercial synthetic graphite powder supplied by Sigma Aldrich (< 20 µm) was used as starting material for the preparation of the samples in this study. The ash content of the graphite, as determined by TGA was 1.9 %. The carbon content, on an ash-free basis, was 99.5 %.
GO was prepared from the commercial graphite powder using a modified Hummers' method [4, 12] . This method makes use of the Hummers' reagents with additional amounts of NaNO 3 and KMnO 4 . Concentrated H 2 SO 4 (360 mL) was added to a mixture of graphite (7.5 g) and NaNO 3 (7.5 g), and the mixture was cooled down to 0 °C by means of an ice bath. KMnO 4 (45 g) was added slowly in small doses to keep the reaction temperature below 20 °C. The solution was heated to 35 °C and stirred for 3 h, at which point 3 % H 2 O 2 (1.5 L) was slowly added, giving rise to a pronounced exothermal effect to 98 °C. The reaction mixture was stirred for 30 min and, finally, the mixture was centrifuged (3700 rpm for 30 min), the supernatant being decanted away. The remaining solid material was then washed with 600 mL of water and centrifuged again, this process being repeated until the pH was neutral [4] . When required, GO was dried under vacuum at 40 ºC overnight and stored in the presence of P 2 O 5 as desiccant.
Preparation of graphene-like materials (TRGs).
The GO was thermally treated in a Thermal Programmed Desorption (TPD) device in order to determine the blasting temperature. The system consists of an electrical furnace with a U-shape quartz glass reactor connected to a mass spectrometer (Omnistar TM-Pheiffer Vacuum). Initially, the sample (100 mg) was degassed under a He flow (50 mL min -1 ) at room temperature for 1 h. Then the sample was heated from room temperature to 127 °C at a heating rate of 5 °C min -1 . At this temperature blasting occurs as a consequence of the sudden release of gases (see Supporting Information, S.I.). The resultant sample was labelled TRG127.
The temperatures used for the preparation of rest of the samples were selected from the thermogravimetric analysis (TGA/DTG) of the graphite oxide exfoliated by sonication. GO was not used directly for these experiments to avoid the blasting and blowing of the material out of the vessel. Analyses were carried out using a TA SDT 2960 analyzer. 5 mg of sample were placed in a crucible that was then introduced into the thermobalance. The temperature was increased to 1000 ºC at a heating rate of 5 ºC min -1 under a nitrogen flow of 100 mL min -1 . Based on these results, samples were obtained in a horizontal tube furnace using a ceramic boat with a graphite cover to prevent the blowing of the material. 0.3 g of GO was introduced in the furnace and heated at 5 ºC min -1 under an atmosphere of N 2 (100 mL min -1 ) to 300 ºC, 400 ºC, 600 ºC, 700 ºC, 800 ºC and 1000 ºC, the samples being then kept at each of these temperatures for 1 h. Additionally, the sample obtained at 700 °C was annealed at 2000 ºC and 2400 ºC under an atmosphere of argon (3 L min -1 ) at a heating rate of 5 ºC min -1 to 800 ºC and then at 10 °C min -1 to 2000 or 2400 ºC, respectively, the samples were kept at this temperature for 1 h. The samples obtained were labelled TRG300, TRG400, TRG600, TRG700, TRG800, TRG1000, TRG2000 and TRG2400, respectively.
A colloidal suspension of individual TRG sheets in purified water/DMF (1:1) was prepared in 1 mL batches, and kept under ultrasound for 30 min. Then the suspensions (see S.I.)
were filtered over cellulose, and the solids were discarded.
Characterization of samples.
The oxygen content of the samples was determined directly in a LECO-TF-900 furnace coupled to a LECO-CHNS-932 microanalyzer. The analyses were performed using 1 mg of ground sample. The results were quoted from an average of the values of four determinations. In all cases, the experimental error was < 0.5 % of the absolute value. XPS analyses were carried out in a VG-Microtech Mutilab 3000 device. The XPS C1s peak was analyzed using a peak synthesis procedure that employs a combination of Gaussian and Lorentzian functions [13] 
Results and discussion
The parent graphite was fully oxidized after 3 hours, as confirmed by XRD (Figure 1 ).
Graphite has an intense crystalline peak at 26.5 º corresponding to the (002) plane; on the conversion to GO, the (002) and (101) peaks of graphite disappear while the (001) becomes evident at 2Θ=9.8º. The interlayer distance increases from 0.336 nm for the graphite to 0.867 nm for the GO, as a result of the expansion caused by the incorporation of water and oxygen functional groups during the oxidation process ( Table 1 ). The oxygen content of the GO (Table 2) is very high (46.8 % as determined by elemental analysis; C/O ratio of 2.1, as determined by XPS). This oxygen is mostly in the form of hydroxyl (26.4 %), followed by epoxy (17.5 %) and carboxyl groups (11.9 %), according to XPS ( Table 2 ). The presence of the last two groups was confirmed by FTIR (see S.I.). The epoxy and hydroxyl groups can be expected to be mainly located at the basal planes, in the interior of the aromatic domains, while the carboxyl groups will be located at the edges of the sheets or at the edges of holes, if at all present. The blasting of GO at the experimental conditions used occurred at about 127 ºC, as evidenced by the sudden loss of H 2 O, CO and CO 2 detected by TPD (Figure 3 (a) ). This temperature is slightly lower than those reported by other authors [15] , probably as a consequence of the differences in the characteristics of the GOs (obtained from different Table 1 ). The XRD pattern shows a broad peak for TRG127 situated at a value of 2Ө slightly lower than for graphite. There is a progressive narrowing of the peak with increasing temperature of treatment and a subsequent shift towards the d-spacing of graphite (Table 1) . In TRG2000
and TRG2400 the peak (101) becomes evident although the pattern indicates that these are heavily disordered carbons [10] . The d-spacing almost has the same value than that of the parent graphite. The L c values of TRG2000 and TRG2400, 11 nm and 15 nm, respectively, are substantially lower than that of the initial graphite (37 nm). This suggests that, in the powder form, the graphene sheets obtained after blasting do associate progressively during the thermal treatment but not at the level typical for crystalline graphite. The number of layers, roughly estimated by the equation (Lc/d) +1, increases from 5 at 127 ºC to 9 at 800 ºC, and more drastically above this temperature (18 at 1000 °C and 45 at 2400 °C). This proves two important points: i) an excellent exfoliation of the graphite is achieved at 127 ºC and ii) temperatures above 1000 ºC favour the stacking of the sheets (more than 10), although the crystalline graphite status is not reached even at 2400 ºC. This is confirmed by the fact that TRG1000, TRG2000 and TRG2400 can be delaminated and dispersed in appropriate solvents by sonication, something that is not possible with crystalline graphite.
A possible explanation can be found in their disordered and disrupted structure that greatly reduces the attractive interactions between the layers, allowing this material to be easily dispersed in solvents, as stated by McAllister et al. [10] .
AFM is the most direct method of quantifying the degree of exfoliation to a single graphene sheet level after the dispersion of the powder in a solvent. The height of the TRGs sheets dispersed in water/DMF shows the dominant presence of monolayers at 127 ºC and 300 ºC, 1-2 layers at 400 ºC, 2-4 layers at 600 ºC, 3-4 layers at 800 ºC, 4-5 layers at 1000 ºC and 4-6 layers at 2000 ºC and 2400 ºC (Table 1 ). Figure 7 shows AFM images and profiles corresponding to TRG300, TRG600, TRG1000 and TRG2400. Our AFM results support the above discussion on the XRD results concerning the number of layers ( Figure   7 ) and confirm that even at temperatures above 2000 º C few-layer graphenes can be obtained after TRGs dispersion in water/DMF. The increasing tendency to associate with increasing temperature may be the result of the increasing absence of oxygen functional groups. The main oxygen loss (25 %) occurs at 127 ºC, the oxygen content decreasing from 47 % in the GO to 22 % in TRG127 (as determined by elemental analysis, Table 2 ). According to Gao et al. [3] , this loss mainly corresponds to hydroxyl and epoxy groups located in the interior of the aromatic domains and carboxylic groups located at the edges (as confirmed by XPS, Table 2 
Conclusions
Exfoliation of synthetic graphite powder oxide takes place at a temperature as low as 127 ºC, producing functionalized monolayer graphene when dispersed in water/DMF. The product contains 22 % oxygen, mainly in the form of hydroxyl groups and minor amounts of epoxy and carboxyl groups. The exfoliation also implies a partial reduction as a consequence of the substantial loss of oxygen surface groups. When the GO is treated at higher temperatures, especially above 600 ºC, the reduction improves, with a loss of oxygen and hydrogen and a conversion of hybridized carbon atoms from sp 3 into sp 2 . The amount of carboxyl and epoxy groups decreases from 400 to 1000 ºC, the hydroxyl group content remaining almost constant. 1000 ºC appears to be a critical temperature in the GO treatment from the point of view of the efficiency of the reduction process, as the resulting graphene-like material contained less than 2 % oxygen and 81.5 % Csp 2 . The materials obtained at 2000 ºC and 2400 ºC were almost completely oxygen-free (less than 1 %) and the layers exhibited a dramatic restoration of the pristine graphite structure, as confirmed by the increase in the average size of the sp 2 domains determined by Raman spectroscopy.
The typical disordered stacking of TRGs increases with temperature, although they can be dispersed by ultrasonication in appropriate solvents, yielding monolayers (in those obtained at 127 and 300°C) and stacks of up to 4-6 layers at temperatures above 1000°C, as determined by AFM. 
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